Introduction
Surface patterning relies on a broad range of classical contactmediated techniques [1] such as screen and stencil printing, offset printing and electrophotography. For higher resolution, radiation-mediated patterning such as optical, UV, x-ray and e-beam lithographies are widely used. Soft lithography [3, 4] is a recent high-resolution patterning technique that uses the contact between a structured elastomer and a substrate to confine a chemical reaction at the surface of the substrate. It can therefore be regarded as an enhancement of the classical patterning techniques. 4 Author to whom correspondence should be addressed.
In this paper, we focus on a variant of soft lithography called the microfluidic networks (µFNs) [5] [6] [7] [8] [9] : a µFN is a structured elastomer placed onto a substrate, forming conduits at the interface. Akin to screen and stencil printing, the exposed surface areas of the substrate (within the conduits) are chemically processed, whereas the sealed areas are not. In µFNs, the channels are generally small in size (a few to several hundred micrometers) and can guide liquids and reactants to where desired. Using a µFN is simple, see figure 1 . Firstly, the substrate is placed onto the µFN ((a) and (b)). Then, the patterning solutions are loaded into the filling ports (c); they flow into the microchannels, and a reaction can take place on the part of the surface exposed in the channels (d). Finally, the patterned substrate is separated from the µFN (e). Applying the concepts of microfluidics [10] to the patterning of surfaces is particularly attractive for several reasons.
(i) µFNs can guide fluids from distant reservoirs along microchannels to target zones of a substrate with high resolution, depending on the size of the microchannels. (ii) These devices can transport a wide range of liquids such as acids and bases [11] , solutions of proteins [8] , cells [12] or polymers over a substrate [6] . (iii) They require only minute amounts of reagents [13] . (iv) They feature fast reactions because in the small dimensions of the microchannels, the time needed for the diffusion of the reactants to the substrate is reduced. (v) A potent enhancement introduced to surface patterning by µFNs is the transfer of distinct reagents with inherent alignment, performed by loading the chemicals into different filling ports.
This capability eliminates the need for both iterative processing steps and precise alignment of successive masks. It paves the way for routinely using contact lithographies to transfer distinct, possibly fragile, molecules onto a substrate-in a single patterning step. Applications currently envisaged range from patterning colored dyes for displays [14] to patterning biomolecules for sensing and screening of biochemical interactions [15] [16] [17] .
In this paper, we explain the benefits of using capillary pressure to transport the reagents, and discuss the properties of poly(dimethylsiloxane) (PDMS) as a material for fabricating µFNs as well as the limitations of single-level µFNs. We introduce two-level µFNs, having many microchannels and openings for rear access, that can be made either in PDMS or Si. Their fabrication and utilization are explained in detail, and we illustrate how a hard µFN can be reversibly sealed onto a hard substrate. We demonstrate surface patterning with both types of µFNs. Finally, we discuss the use of soft and hard two-level µFNs in light of their figures of merit.
Capillary pressure for filling µFNs
If a liquid is confined within a small capillary, the liquid front is curved proportionally to its angles of contact with the walls and the size of the conduit [8] . This curvature gives rise to pressure, which in the case of a wettable conduit draws the liquid into the microchannel (a non-wettable surface would generate an equivalent positive pressure acting against filling). Capillary pressure is especially useful to transport liquids for surface patterning. Firstly, it generates a pressure sufficient to fill small conduits, which scales favorably and therefore is particularly appropriate for filling micrometer-sized channels. µFNs using capillary pressure for filling are passive systems, not requiring any external pump connected to the network, in which each microchannel has, and is, its own pumping device, enabling a high degree of integration for these devices. Passive µFNs do not require 'strong' seals with the substrate because no pressure is added to force liquid into the channels. In contrast, a light vacuum can be used to help emptying filled channels. Secondly, the design of a µFN can tailor the capillary pressure produced by its various parts (filling port, open and closed sections of the microchannel and venting port, see figure 1 ) and thus 'control' the filling. For example, the flow stops autonomously at the venting port when the geometry of the channel reduces the capillary pressure. µFNs are ideal for handling scarce and precious materials because an optimum design can efficiently reduce the overall volume of the device; a 1 cm long channel with a 100 × 100 µm 2 section has a 100 nl volume. It is worth noting that in small capillaries the flow is typically laminar (Reynold's number 2000). However, driving liquids within µFNs using capillary pressure has some limitations. A liquid loaded into a port will quickly fill the entire microchannel, but cannot be stopped before it reaches the venting port. The filling speed is governed by the size of the channel, its wetting properties and the properties of the liquid, and cannot be interactively controlled.
µFNs made of PDMS
A seal between an open microchannel and a substrate is required to create closed, individual capillary pathways (figure 2). It is easy to obtain a liquid-tight seal if either the open microfluidic system or the substrate is an elastomer such as PDMS [18] : PDMS (Sylgard 184) spontaneously conforms to relatively smooth surfaces by adhesion forces, producing a seal. µFNs made of PDMS are simple to fabricate by replication of a mold. Structuring a Si wafer using photolithography and etching techniques can provide the 'master' on which PDMS is then poured as a liquid and cured. Conformal contact between a µFN and a substrate is a priori necessary to keep the patterning well localized to the areas of the substrate exposed in the microchannels. Using a soft µFN on a hard substrate or a hard µFN on a soft substrate can provide a tight sealing of the microchannels. There is a priori no seal when both the µFN and the substrate are hard because roughness of the surface and long-range curvature of the substrate produce voids.
The PDMS replica can easily be cut to yield many individual µFNs, and the mold can be reused many times.
PDMS is now widely used for microfluidic applications [5] [6] [7] [8] [9] 19] . It is a transparent material, which allows monitoring displacement of liquids inside the networks; it is slightly permeable to gases such as O 2 and N 2 , which can help in filling microchannels without vents. The surface of µFNs in PDMS is hydrophobic. Such µFNs can be filled directly with nonpolar polymers or liquids or, alternatively, with water-based solutions but only after hydrophilization of the microchannels. An O 2 -based plasma is useful for this purpose because it can create a thin, glassy oxide at the PDMS surface. As hydrophilized PDMS exposed to air reverts to a hydrophobic state within a few minutes [20] , oxidized µFNs have to be used directly after hydrophilization or stored under water to keep the surface indefinitely hydrophilic.
Single-level µFNs in PDMS
Individual µFNs comprise macroscopic zones, the filling ports, which are open reservoirs serving as interfaces for users to handle and pipette liquids to fill each microchannel. They also have venting ports to prevent the trapping of air inside the channels during filling. Although straightforward to fabricate because all structures of single-level µFNs have the same depth, these µFNs are limited by several constraints.
The filling, and preferably also venting, ports must be open, i.e. µFNs must extend beyond the substrate ( figure 3(a) ). The contact line between substrate, µFN and air is wettable because either the µFN or the substrate has to be wettable for the network to be filled entirely. Hence, the liquid might follow this border line and cross-contaminate adjacent microchannels. This can be obviated by opening vias through the PDMS layer to create deep ports at the beginning and the end of the channels, e.g. by either fixing rods onto the mold or by piercing openings after demolding the µFN. Although simple, these procedures are cumbersome and not compatible with the fabrication of highly integrated µFNs. In the following, we shall present 
Two-level µFNs for surface patterning
The two-level µFNs we design and fabricate allow the simultaneous patterning of surfaces with distinct chemicals (figure 3(b)). They feature openings through the layer [21, 22] , permitting rear access for loading solutions and for venting the channels being filled. These networks possess enhanced patterning properties: they can be placed directly over the target area, which allows the filling ports to be close to the target area. Such µFNs entail a smaller footprint, fill faster, and economize reagents by having shorter channels. Moreover, they can accommodate substrates having topographical structures outside the target area. Finally, the (e) Mechanical polishing planarizes the SU-8 resist. Alternatively, the SU-8 can be planarized before development, which might be useful for protecting a high-aspect-ratio structure from buckling. PDMS is spread onto the planarized mold, cured and peeled off to remove dust particles. (f ) An anti-adhesion layer is deposited on the mold.
deeper ports and the suppression of a border line minimize the risk of cross-contamination between adjacent microchannels.
Microfabrication of two-level PDMS µFNs
The PDMS µFNs are replicated from a two-level mold. This mold can either be micromachined into Si using deep reactive ion etching (DRIE) [12] or structured by patterning a thick photoresist. We present the latter method using SU-8 as the photoresist (figure 4). Other groups [21, 22] have used similar fabrication techniques for producing microfluidic systems. The main differences are that these microfluidic systems are closed, permanently sealed and rely on a pump for displacing liquids.
Molding of vias through the PDMS µFN is achieved by pressing a flat and rigid plate onto the PDMS curing on the patterned mold. Eventually all raised structures have to contact this plate so that the PDMS is squeezed out completely. On the scale of a wafer, the thickness of the spin-coated SU-8 photoresist typically varies by up to 20% which, for layers that are several hundred micrometers thick, translates into tens of micrometers in height difference. The SU-8 elasticity can only compensate for slight variations, thus some PDMS may remain in place over the shorter 'pillars' of the mold (the 'pillars' are the placeholders for the access ports of the µFN). An overall flatness of the top surface of the SU-8 is necessary, as otherwise a thin PDMS membrane will form and obstruct the via holes.
We have established a novel process to planarize the SU-8 mold that relies on mechanical polishing and we present two variants of this. The first starts by patterning the wafer with the photoresist in a standard way. After development of the pattern, the photoresist structures are mechanically polished on an abrasive paper affixed to a flat plate (figure 4(e)). This method is straightforward, prevents the embedding of polishing particles into the resist, and is effective for fabricating the microfluidic structures presented here. For higher-aspectratio structures, buckling during polishing can be a problem. Additionally, the dust produced during polishing can stick to the wafer and has to be removed. This first variant process and the associated issues will be described and illustrated in greater detail later.
The second process consists of exposing the SU-8 photoresist, postbaking, and then polishing it prior to development and removal of any unexposed photoresist. The unpolymerized SU-8 is liquid at higher temperatures, but solid at room temperature, although relatively soft. This unexposed resist can nevertheless be polished along with the exposed and polymerized hard structures. In this case, the polishing plate needs to be microstructured. If both substrate and working piece are completely flat, wet polishing is not so accurate because either a water film can prevent contact between the surfaces or the surfaces tend to 'stick' together. The unexposed resist on the other hand protects the mold from the dust produced during polishing and can help stabilize high-aspectratio structures (results not shown).
We believe that these processes are appealing for making multilayer structures in resists where flatness is critical or where a precisely defined thickness of each layer is desired.
Microfabrication of the mold in the photoresist.
A four inch Si wafer, 525 µm thick, is spin-coated with SU-8 photoresist (Microchem Corp., Newton, MA, USA) to a thickness of 50 µm. The resist is prebaked at 95
• C for 1 h, and exposed with a contact mask aligner (MA 4, Karl Süss) to broadband UV light (6.5 mW cm −2 ) for 50 s through a Cr mask featuring all network elements (access ports and microchannels). The resist is postbaked for 15 min at 95
• C to crosslink the exposed areas. A second SU-8 layer, with a thickness of 200-300 µm, is spin-coated on top of the first and prebaked for 3 h at 95
• C on a hot plate. The contrast of the 'latent' image in the first layer allows the alignment of a mask having only filling and venting ports, which is then exposed for 140 s. For thicker layers, this alignment method can become ineffective owing to the limited focal depth of the mask aligner. In that case, marks on the rear of the wafer can be used for alignment. A second postbake for 15 min at 95
• C crosslinks the exposed zones of the second layer. The pattern in both layers is developed in 1,2-propanediol monomethyl ether actetate (PGMEA) in about 20 min with ultrasonification.
The SU-8/Si wafer is attached to a precision-machined vacuum chuck, which also serves as a handle, to prevent bending of the thin wafer. The protruding SU-8 structures are manually abraded and polished on a lapping paper (Imperial lapping paper, 3M) attached to a flat and rigid glass plate. The lapping paper is wetted continuously. For this, water containing a surfactant (1% sodium dodecysulfate) is used because it does not swell the glue of the lapping paper and wets both paper and wafer. At first, only the highest structures are affected, and the progression of the abrasion is shown by the contour line of the nonabraded zone. The grain size of the lapping paper is decreased from 15 µm nominal granularity to 9, 3, and finally 1 µm. The final polishing step results in a slightly reflective surface. Some of the particles abraded stick to the SU-8/Si surface. The surface tension agent can only partly prevent this. However, these particles can be removed by pouring PDMS onto the wafer, curing it, and peeling it off along with the embedded particles. Finally, a 50 nm thick fluorinated layer is deposited using a DRIE process (Surface Technology Systems, Bristol, UK) to facilitate the subsequent removal of cured µFNs in PDMS. Figure 5 delineates the replication procedure of a two-level mold for making PDMS µFNs with openings for access to the filling and venting ports from the rear. An Al block serving as flat support is covered with a thin, transparent foil to prevent PDMS from spilling over the block during the process. The two PDMS components A and B (Sylgard 184, Dow Corning, Midland, MI, USA) are mixed in a 10:1 ratio using an automatic dispenser (DOPAG MICROMIX E, Cham, Switzerland). The viscous mixture is degassed for ≈5 min under a vacuum (≈1 mbar) to remove and prevent the formation of bubbles, and is then poured over the mold. A 250 µm thick polycarbonate (PC) foil (Europlex, Röhm, Darmstadt, Germany) is sandwiched between the PDMS and a flat glass cover plate. The top plate is pushed down manually until the PC foil touches the upper part of the mold; the plate is then slid smoothly sideways to expel any PDMS left between the SU-8 pillars and the plate. The ensemble is placed on a hot plate, loaded with a 2.5 kg weight, and heated to 85
Replica molding of µFNs in PDMS.
• C for 3 h to cure the PDMS. The top glass plate and the PC foil are removed, and the PDMS replica is peeled off the mold after cooling. Using a smooth PC foil is not essential to this process, but helps to keep the top surface flat and thus the µFNs transparent. In some cases, the mold does not touch the PC foil, but if the gap is sufficiently small, the obstructing PDMS membranes tear spontaneously upon separation or during subsequent preparation steps (figures 6(a) and (b)). One replication operation typically generates 20 µFNs. An individual network can be cut to size prior to using it for patterning. 
Mold

Patterning of glass with PDMS µFNs
The utilization of a two-level µFN in PDMS is illustrated by patterning three polymers having similar composition but different colors on a substrate. The µFNs prepared here have 16 independent fluidic zones, each comprising a filling port and a venting port 290 µm wide and 3 mm long, and two connection channels between the ports and the microchannel that are 50 µm wide and 2.3 mm long. The microchannels are 120 µm wide and 3.7 mm long. The depth of all structures in this network is determined by the local thickness of the resist on the Si wafer forming the mold. When the µFN is used to pattern a substrate with a material that solidifies in the microchannel, removing the µFN necessitates separating the molded material from all three channel walls. In this case, the adhesion forces between the material and the walls may lift the patterned material off the substrate. PDMS is an advantageous material in this respect because it has a surface with low free energy and because it can be bent and simply peeled off the substrate. Some materials may shrink and dewet the microchannels during the curing step, which can also help in removing the µFN from the substrate without damaging the pattern. The sharp edge of the colored lines suggests that the formation of patterns at higher resolution with such two-level µFNs is achievable.
Designing µFNs in PDMS must allow for the limited stability of large covers and narrow supports in PDMS, which are prone to sagging and collapsing, respectively [24] . The use of µFNs in PDMS is also restricted to solvents that do not excessively swell PDMS. Hard materials, such as glass or Si, provide an alternative for µFN fabrication and can avoid the above-mentioned problems. In the following section, we present a method for fabricating two-level µFNs in Si and using them without the need for a conformal contact to obtain a seal.
Two-level Si µFNs
µFNs in Si [25] can be manufactured using standard microfabrication processes such as wet, dry and, in particular, deep reactive ion etching [26] . Si is a rigid material, supports high-aspect-ratio structures, and permits precise registration of µFNs with a substrate. Such Si µFNs can be made wettable with nonpolar liquids by removing the native Si oxide with buffered HF acid or grafting alkylsilanes [27] . Conversely, a µFN in Si can be cleaned with an O 2 plasma to make its surface wettable by polar solutions such as water.
So far, using Si µFNs has been restricted to soft substrates, which can provide conformal contact to seal the various parts of the network. The reason for this lies in the difficulty of achieving tight seals between two hard surfaces: imperfections such as long-range curvature and surface roughness as well as dust particles compromise a large area of contact (figure 2). In bonding processes, these problems are circumvented by working in a clean-room environment and by applying high pressure to the two substrates. Heat, high voltage or chemical activation are options for achieving a durable seal [28, 29] . However, as these techniques can only create permanent seals, they are not suitable for surface patterning, where it is desirable to remove the substrate from the µFN after processing. Permanently bonded microfluidic systems, moreover, can neither be easily cleaned nor reused.
Wettability patterns to produce seals
Our technique to confine liquids (aqueous solutions) to the channels is to pattern wetting and non-wetting zones [30] : the interior walls of the microchannels are made wettable, whereas the raised surfaces are made non-wettable. Water is particularly well suited as a reactant carrier for the patterning of hard substrates with hard µFNs because of its low viscosity (1 mPa s at 20
• C) and high surface tension (≈70 mN m −1 ). It is thus possible to control the wetting properties of a surface with water using standard chemical treatments of this surface.
Here, we render the channels of the Si µFN hydrophilic and the outer surfaces hydrophobic. A solution of water inbetween two surfaces that face each other in close proximity will not spread if both surfaces are hydrophobic.
A microchannel with three hydrophilic walls can promote the displacement of an aqueous solution along a hydrophobic substrate. Thus, the simple clipping of a hard µFN with hydrophilic channels and a hydrophobic surface onto a hydrophobic substrate can create both self-filling channels and liquid-tight 'barriers' separating the channels. These barriers can resist a pressure defined by the surface tension of the liquid, the contact angles between liquid and surfaces, and the gap size. Such an assembly can effectively prevent uncontrolled spreading of the solutions and enable the use of hard µFNs with hard substrates. The reversible sealing process makes it possible to pattern a substrate, and then simply remove and reuse the µFN. Next, we describe the microfabrication of such two-level µFNs in Si and explain how to use them for the patterning of proteins on surfaces.
Fabrication of two-level Si µFNs
We fabricate the Si µFNs using photolithography, wet etching, DRIE, and microcontact printing (µCP) techniques (figure 8). 
Micromachining of the topography.
A Si{100} wafer (Siltronix, Geneva, Switzerland), four inches in diameter, 525 µm thick, with a 1 µm thick thermal SiO 2 layer is spincoated with a photoresist (PR) (AZ6612, Hoechst, Strasbourg, France) for 45 s at 4000 rpm. The PR is prebaked at 110
• C for 50 s, and exposed through a mask featuring all the elements (ports and microchannels) for 5 s, developed in AZ400K (Hoechst), diluted 1:4 with deionized water (DI), and rinsed in DI. The uncovered SiO 2 is etched away in a 1:7 buffered hydrofluoric acid (BHF) solution in ≈15 min (dewetting of the substrate where SiO 2 has been etched indicates completion of the etch). An O 2 plasma or acetone is used to ash or strip the remaining PR. A second PR layer (AZ4562, Hoechst) is spin-coated at 1500 rpm for 45 s, yielding a thick overlayer of ≈10 µm [31] . The SiO 2 pattern underneath this PR layer is still visible and is used to align the wafer with a second mask featuring the ports only. After exposure and development of the PR, the wafer is rinsed, dried, and heated at 95
• C for 20 min for postbaking. The Si wafer is glued onto a support wafer with melted white wax to protect the chuck. An inductively coupled plasma (ICP) DRIE (Surface Technology Systems, Bristol, UK) is used to transfer the PR and embedded SiO 2 patterns into wafer topography in a three-step process [32] :
(i) DRIE to make ≈500 µm deep ports into Si (pattern defined by the thick PR). (ii) Without unloading the wafer from the DRIE machine, the PR is ashed using a plasma. (iii) The exposed SiO 2 pattern acts as mask for a second dryetch process of about 50 µm in depth, creating 50 µm deep channels, and opening the filling and venting ports through the wafer. After unloading, the support wafer is detached under a stream of warm water. The micromachined wafer is then cleaned with acetone, ethanol and DI, and cleaved into individual µFNs.
Surface treatments.
The Si µFNs are cleaned using an O 2 plasma (≈1 min at 400 W; Technics Plasma 100-E GmbH, Kirchheim, Germany), rendering the SiO 2 surfaces hydrophilic and reactive for chemical derivatization. The raised surfaces are hydrophobized using µCP [27] as follows. A flat PDMS used as inker pad is impregnated with a 2 mMol solution of 1H,1H,2H,2H-perfluordecyltrichlorosilane (Gelest, Karlsruhe, Germany) in heptane for 5 s and blown dry under a flow of N 2 . A flat PDMS stamp is inked by pressing it firmly onto the PDMS pad for 5 s. The flat stamp is applied to one face of the µFN for 3 s to graft a layer of silanes to the SiO 2 surface. These processing steps are applied three times to both the front and rear sides of the µFN to increase the hydrophobicity of the coating. With this procedure, the parts of the µFN that should be non-wettable have advancing and receding contact angles with water of ≈125 • and ≈70 • , respectively. We ink the stamp using a PDMS inker pad to minimize swelling of the stamp by heptane. Alternatively, µFNs can be covered with gold and then patterned with thiols exhibiting different wettabilities [33] .
The fabricated µFN (figures 7(a)-(c)) has identical filling and venting ports, 400 µm in diameter, aligned in two rows with a pitch of 600 µm between the ports and a separation distance of 400 µm between the rows ( figure 7(a) ). Two adjacent ports are separated by 100 µm. The processing zone comprises straight, parallel channels 120 µm wide, 50 µm deep and 3.7 mm long ( figure 7(b) ). The total length of the flowing zone is ≈4.7 mm, 1 mm of which is occupied by the filling and venting ports. The entire footprint of the 16-channel system is 29.7 mm 2 for a processing area of 13.7 mm 2 . We believe that this design offers a good compromise between having convenient access to the filling ports and having as large a ratio of active to total area as possible.
Patterning of hard substrates with Si µFNs
The ability to pattern a hard substrate using a Si µFN is illustrated by the deposition of lines of proteins on a polystyrene surface. Proteins are fragile biomolecules that have to be dissolved in water-based buffers for handling; different proteins cannot be easily patterned on a single substrate using conventional lithographic techniques. Polystyrene is prone to the deposition of proteins from solution, is widely used as a substrate for biological assays, and it is hydrophobic (it has advancing and receding contact angles with water of 100
• and 90
• , respectively). These characteristics allow the use of a 'wettability barrier' to guide and pattern proteins dissolved in water on a polystyrene surface. As proteins, we used bovine serum albumin (BSA) tagged with tetramethyl rhodamine isothiocyanate (TRITC, red, λ FE = 570 nm) or fluorescein isothiocyanate (FITC, green, λ FE = 525 nm) to visualize the patterns with fluorescence microscopy.
3.3.1. Application. The Si µFN is pressed onto a PS spincoated glass using paper clips ( figure 7(d)) . A gap of a few micrometers between the µFN and the substrate, due to surface contamination and/or curvature, is revealed by the presence of numerous Newton's rings. The filling ports of the Si µFN are loaded with solutions of TRITC-BSA in PBS with concentrations of 1000, 500, 250, 125, 62, and 31 µg ml −1 , except for one port that is not loaded (negative control) and one that is loaded with FITC-BSA at a concentration of 50 µg ml −1 . A pipetting robot (Probot, BAI GmbH, Lautertal, Germany) is used to take 160 nl of a solution of proteins from a titerplate and dispense 80 nl of it into two filling ports (nth and (n + 8)th). The robot rinses its pipetting capillary with DI and repeats the loading operation until 14 ports of the µFN have been loaded. The seven solutions are dispensed in 7 min and are allowed to react with the surface for an additional 2 min. A milliliter of PBS is deposited over all filling ports to flush the protein solutions from the channels to the venting ports. It is possible to actively remove all solutions at once from the venting ports using a silicone tubing connected to a water pump to better flush the channels with PBS and then DI. The clips are removed, and the polystyrene-covered glass is separated from the Si µFN, rinsed with DI and blown dry under a flow of N 2 .
Results and discussion.
The result of the patterning process can be seen in figure 7 (e). The intensity of the fluorescence on the surface reflects the concentration of biomolecules in the solution; the rightmost channel is, as expected, the least fluorescent. The surface coverage of adsorbed BSA is constant along the entire channel. The 50 µm depth of the Si microchannel helps to keep the surfaceto-volume ratio relatively small, minimizing the depletion of proteins in the solution, which could lead to coverage density gradients on the substrate along the lines of proteins [25, 34] . The liquid confined in the microchannel has a small area exposed to ambient, which strongly reduces its evaporation. Drying of the solution would be detrimental to an homogeneous patterning of the substrate and could lead to denaturation of the proteins. We observed that the microchannels remained filled during the relatively long patterning process. In contrast, 80 nl aqueous droplets on a surface vanish within seconds. The properties described above make such µFNs well suited for use in combination with optical sensors to detect biochemical interactions, e.g. antibody recognition [34] [35] [36] . 
Concluding Remarks
µFNs are convenient and versatile devices for patterning surfaces with distinct chemicals in a single step. There is a large number of possibilities to employ µFNs for patterning substrates, depending on the µFN and substrate properties and the liquid and reactants used. Here, we sought to fabricate µFNs with two levels to minimize crosstalk between independent flowing zones and to achieve a higher integration of the device. We developed efficient microfabrication techniques and processes to make such µFNs in soft elastomers such as PDMS or hard materials such as Si. µFNs in PDMS are easy to seal on substrates, but have limited mechanical stability and necessitate 'custom' fabrication techniques, whereas µFNs in Si can be structured using microfabrication technology. For patterning hard substrates, hard µFNs require an additional method to create a seal by superposing a wettability pattern onto the channel topography. This strategy only works on non-wettable substrates, however. Which µFN is the most practical should be evaluated on a case-by-case basis. We outline the requirements and attributes of a few combinations for µFNs, substrates and applications in table 1. Patterning of elastomeric substrates with rigid µFNs is advantageous because it combines the refined fabrication processes for hard materials with substrates capable of conformal contact, such as PDMS. This strategy can be further extended; once patterned, a PDMS substrate can be used as a stamp to transfer the original pattern to another substrate, similarly to offset printing [37, 38] . An application of two-level networks with openings and reversible sealing approaches could be the stacking of layers with matching patterns for obtaining three-dimensional networks [21, 22] . Both soft and hard µFNs may be used for making multilayered systems. Such a microfluidic device could be assembled and disassembled several times to allow the microfluidic sub-components to be cleaned and reused multiple times. In addition, sealing between hard surfaces could possibly be used to fabricate microfluidic systems relying on electrokinetically-driven flow [39] . In summary, the fabrication technologies and reversible sealing approaches presented here can improve the reliability, degree of complexity and integration of passive µFNs, and extend their scope of utilization to novel, possibly even nonpatterning, applications.
